Fixed WiMAX is being deployed worldwide, and the networks are increasing in size. Measurements have been performed, but the amount of measurements are few and do therefore not demonstrate performance in a real life deployment. We have performed extensive analyses of the physical performance in a fixed WiMAX deployment which has been operative for a year and where the amount of subscribers constantly increases. The analyses presented in this paper focus on received signal strength and signal to noise ratio. Based on the measured parameters, we present a Path Loss model for fixed WiMAX which will hopefully be of great reference value due to the great amount of measurements presented. Finally, our Path Loss model is compared to other well known Path Loss models and is found to approach the free space loss model.
INTRODUCTION
WiMAX is a broadband wireless access system which offers high throughput, great coverage, flexible Quality of Service (QoS) support and extensive security. WiMAX is certified by the WiMAX forum [1] , which is a certification mark based on the IEEE 802.16 standard [2] that pass conformity and interoperability tests.
There are two main classes of WiMAX systems called fixed WiMAX and mobile WiMAX. Fixed WiMAX is targeted for providing fixed and nomadic services, while mobile WiMAX will also provide portable and (simple and full) mobile connectivity.
The system studied here is a fixed WiMAX system. It uses an air interface based on orthogonal frequency division multiplexing (OFDM), which is very robust against multi-path propagation and frequency selective fading. An adaptive modulation technique is used to enhance performance when the link characteristics vary. Our system used Frequency Division Duplexing (FDD), where the Base Stations (BSs) and the user terminals transmit in different frequency bands. The MAC layer is connection oriented and uses Time Division Multiplex (TDM) for the downlink (DL) and a Time Division Multiple Access (TDMA) scheme for the uplink (UL). This reflects the Point to Multipoint (PMP) architecture. QoS is well supported through four QoS classes with opportunities for constant bitrate, guaranteed bandwidths with upper and lower limits and best effort.
As a fixed WiMAX deployment has been operative for a year, the amount of Base Stations (BS) and subscribers present in the deployment have increased over time. We decided to extract the most important parameters from the system, which are Received Signal Strength Indication (RSSI) and Signal to Noise Ratio (SNR), over which extensive analysis was performed. GPS coordinates were also available for each of the subscribers, which gave us the possibility to construct a Path Loss model with great precision due to the large amount of measurement points. The measurements will be affected by possible co-channel interference (CCI) by the adjacent Base Stations, which will be revealed by analyzes of the linear definition of SNR and RSSI.
The main contribution of this paper is to present measurement results from a real life fixed WiMAX deployment and in depth analysis of the physical performance. Secondly, we contribute with the derivation of an analytical Path Loss model based on the measurement results together with performance analysis.
The organization of the rest of this paper is as follows: Chapter 2 gives a description and overview of the fixed WiMAX deployment. The measurement procedures are explained in Permission to make digital or hard copies of all or part of this work for personal or classroom use is granted without fee provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first page. To copy otherwise, or republish, to post on servers or to redistribute to lists, requires prior specific permission and/or a fee. 
SYSTEM DESCRIPTION
The system in use is a fixed WiMAX system operating in the 3.5 GHz frequency band. Totally 10 Base Stations are deployed, where 850 Subscriber Units (SU) are operative. The system utilizes FDD with 3.5 MHz channels in both uplink and downlink. Each BS sector has a 90˚ beamwidth, and 4 licensed frequencies are available for use.
Each BS is configured to transmit at a 28 dBm maximum where the BS antenna gain is 14 dBi.
The SUs are fixed antennas, which are located outdoor at the house wall or roof. Automatic Transmission Power Control (ATPC) is enabled at all the SUs where the maximum transmitted power is 20 dBm. SU antenna gain is 18 dBi.
If possible, the SU is setup within Line of Sight (LOS) to the BS, but there are also SUs with Non Line of Sight (NLOS) conditions. The NLOS sites are mostly present in areas close to the BS, whereas LOS becomes more common and also more important at farther distances.
The area of deployment consists of one medium sized town named Gjøvik with a population of 30,000, where the population density is low in the suburban areas outside the town center and denser in the town centre with 5 floor high buildings. This town is covered by 3 BSs, where two of these BSs have four sectors and one has two sectors. The area of deployment also consists of two villages, one with 6,000 (Raufoss) and the other with 3,000 (Biri) inhabitants. One BS mainly covers Raufoss, with assistance from one sector at another BS. Biri is covered by one BS with two sectors. These villages may be considered as suburban areas where most of the settlement is houses. The other BSs cover rural areas. The number of subscribers served by each sector in each BS is given in Table 1 . The 3 topmost BSs are in the city with 30,000 inhabitants (Gjøvik), and the fourth BS, "Moelv", covers the village with a population of 3,000 (Biri). The village Raufoss is mainly covered by the BS "Lønneberget" and partly by "Lauvhogda". The rest of the BSs cover rural areas and outer parts of the villages. A coverage map for the BS "Lønneberget" is given in Figure 1 . The plotted points are SUs connected to this BS. Some of the other BSs coverage areas can also be seen. "Lauvhogda" is to the South and "Lena" to the West. The BSs in the North is "Raadhus" and "Hunndalen" in Gjøvik City.
An observation drawn from the coverage map is that subscribers located far outside the estimated coverage area are connected to "Lønneberget" and not to the closest BS. This is due to LOS capabilities of "Lønneberget". This phenomenon is also observed in the other coverage maps, and confirms the great LOS coverage of WiMAX. Thus NLOS conditions are more commonly experienced by SUs located close to the BS, while LOS conditions are most frequent for SUs farther away from the BS. A reason for this is that high buildings inside cities interfere with the signal path between BS and SU, and that the BSs are often located near or within cities. SUs located at farther distances from the BSs require LOS for optimal performance. The terrain where the measurements are performed is hilly, where interference is unlikely in the rural areas, but more probable inside Gjøvik City.
MEASUREMENTS
This paper used an empirical research method for analysis performed over measurement data extracted from a fixed WiMAX system deployed in real life. Analytical models and conclusions will be based on these collected measurement data.
A Network Management System (NMS) is used by the operator for administrating the BSs and SUs. The functionality in the BSs and SUs logs performance attributes. These performance attributes are DL and UL RSSI, DL and UL SNR, transmit (Tx) and receive (Rx) modulation rate and Tx power for the SU which is important due to the use of ATPC. The operator has implemented functionality to abstract the attributes and register them in a database. These performance attributes are logged for all subscribers present in the WiMAX deployment.
It was winter when the measurements were extracted. The landscape was covered with snow and the temperature was about -5˚C.
PHYSICAL PERFORMANCE 4.1 Received Signal Strength Indicator (RSSI)
As specified in IEEE 802.16-2004, sect 8.3.9, the WiMAX SUs and BSs have a Received Signal Strength Indicator (RSSI). The Network Monitoring System in use logs the RSSI for all the SUs which are operative during the day. The RSSI related to the distance between the SU and BS gives valuable information related to the power loss in the WiMAX system. The RSSI is measured for both uplink and downlink, and will be analyzed and compared to well-established models in the following subsections.
The well established models will be Free Space Loss (FSL) and the Cost 231 Hata models for suburban and urban environments.
Downlink Signal Strength versus Distance
The DL RSSI for each subscriber is plotted in Figure 2 together with the well established models FSL and the Cost 231 Hata models for suburban and urban environments.
Most of the plotted subscribers are expected to perform similar to the FSL since they were installed with LOS conditions to the BS if possible, but this is not always possible when deploying a wireless communication system in cities with obstacles as high buildings. This is illustrated by the divergence in Figure 2 .
Figure 2. RSSI vs. Distance for DL locations together with the FSL (topmost line), Cost 231 Hata Suburban (middle line) and Cost 231 Hata urban model (bottom line)
Some of the subscribers very close to the BS perform equal to or worse than the Cost 231 Hata models. This is mainly due to the fact that subscribers close to the BS are more frequently under NLOS conditions than subscribers farther away from the BS. The reason for the greater performance of this system than the Cost 231 Hata models is that this is a fixed system rather than nomadic or mobile as used when constructing the Cost 231 Hata models.
Uplink Signal Strength versus Distance
As for DL RSSI, the UL RSSI values for each subscriber are plotted in Figure 3 together with the models FSL and Cost 231 Hata suburban and urban models.
Figure 3. RSSI vs. Distance for UL locations together with the FSL (topmost line), Cost 231 Hata Suburban (middle line) and Cost 231 Hata urban model (bottom line).
Since Automatic Transmission Power Control (ATPC) is used by the SU, normalization is performed on the RSSI values where the corresponding SU transmission power is below the maximum of 20 dBm. This is done by adding the transmission power back-off in dBm as follows:
The UL RSSI versus distance plot is similar to the DL RSSI versus distance plot with the exception that lower RSSI values are observed. This was expected due to the fact that the SU transmits with 8 dBm less power than the BS.
Signal to Noise Ratio (SNR)
The Signal to Noise Ratio (SNR) is the power ratio between the signal and the background noise. SNR will give a better indication of the actual system conditions because interference and noise is revealed.
SNR and RSSI are measured at all locations and should be closely correlated, and a plot of RSSI versus SNR should by definition give a linear graph if the interference and background noise is absent. The following subsections analyses SNR for downlink and uplink.
Downlink Signal to Noise Ratio
The DL SNR versus DL RSSI is plotted for each subscriber in Figure 4 . The graph flatten off at around -65 dBm RSSI and outwards, which indicates that optimal performance could be achieved if RSSI is above -65 dBm and no interference or background noise is present. The results indicate that the maximum measurable SNR value at the SU is 36 dB.
Figure 4. Downlink SNR vs. RSSI
Many of the subscribers vary from the linearity and the "flatten off" pattern, which indicates that interference may be present.
Since the system consists of 10 BSs, where 4 different frequencies are reused at adjacent BSs all sending with max power, there is a great possibility for CCI.
Another observation is that the curve seems to decrease in SNR at around -52 dBm in RSSI and more, which may be due to saturation in the SU antenna. Figure 5 shows the uplink RSSI vs. SNR. A linear increase is observed, and the subscribers that deviate from this line are probably disturbed by interference.
Uplink Signal to Noise Ratio

Figure 5. Uplink RSSI vs. SNR
The "flatten off" observation found in the downlink graph ( Figure  4 ) is not present in the uplink, which is because the SU transmits with less power than the BS. The maximum SNR value in the uplink is found at around -68 dBm which is a bit better than for the downlink.
PATH LOSS MODEL
We wanted to derive a Path Loss model based on the high amount of RSSI values we obtained in the distance range up to 20 km. The high amount of RSSI values made it possible to construct a Path Loss model with great accuracy.
Only SUs with LOS conditions are considered in the model. As many of the SUs at shorter distances to the BS have NLOS or near LOS conditions, the subscribers within 2 km are excluded from the model. The rest of the subscribers are classified, where NLOS subscribers are excluded. A total amount of 513 SUs were considered in the model after the classification. We used both the DL and UL RSSI values, thus the total amount was 1026 RSSI values. The UL RSSI values were normalized according to Eq. 1 because of the ATPC, and 8 dBm were added to these values because of higher DL output power from the BS.
We aimed at finding a Path Loss model on the form: 
where r is the distance between BS and SU, and the RSSI is denoted in dBm. 
PL Tx Gbs Gsu RSSI
where Tx is transmitted power, Gbs is BS antenna gain and Gsu is SU antenna gain. The resulting Path Loss model for the measurements is then given by 10 110.11 21.29 log ( )
where r is the distance between BS and SU, and the Path Loss is denoted dB.
It can be seen that the loss exponent in Eq. 5 is similar to the free space loss, which was as expected for the SUs with LOS conditions.
It is interesting to compare the Path Loss model to the Free Space Loss model (FSL) and the Cost 231 Hata [3] models for suburban and urban areas. These models are plotted together in Figure 8 . 
The comparison between the LOS (Eq. 5) and NLOS (Eq. 6) is illustrated in Figure 9 . The model for NLOS was based on measurements in urban areas, and the model for LOS mainly in urban and suburban areas. The urban area in the NLOS model was medium-sized and the urban areas in the LOS model were small-sized, but the NLOS landscape was more favourable to radio propagation. The great differentiation in both loss exponent and the system loss constant is clearly due to the different sight capabilities.
CONCLUSION
A real life fixed WiMAX deployment has been investigated with focus on the physical parameters. The signal propagation has been analyzed and the signal to noise ratio has been revealed. We derived a Path Loss model based on a great amount of measurements for line of sight conditions, thus it could be of great reference value. Our Path Loss model was compared to other well known Path Loss models. Path Loss in a fixed WiMAX deployment seems to approach the Free Space Loss model more than the Cost 231 Hata models, which is due to the fact that subscribers in a fixed WiMAX deployment are fixed with line of sight capabilities. Future work will be to perform a comprehensive study of interference in the system, and derive models for achievable bitrate and propagation based on the signal to noise ratio.
